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ABSTRACT We have isolated and determined the nucle-
otide sequence of the yeast FAS3 gene, which encodes acetyl-
CoA carboxylase (EC 6.4.1.2). The sequence has an open
reading frame of 6711 bases coding for a protein of 2237 amino
acids with a calculated molecular weight of 250,593. The
presence of the unique biotin-binding site, Met-Lys-Met, and
the known CNBr peptide and COOH-terminal sequences con-
firmed the nucleotide-derived amino acid sequence. The yeast,
chicken, and rat carboxylases have an overall sequence identity
of 34%, suggesting that the eukaryotic carboxylase evolved
from a single ancestral gene. The amino acid sequences of yeast
fatty acid synthase subunits are least homologous with the
animal synthase sequences, whereas carboxylase sequences are
highly conserved. The sequences of the ATP, HCO3, and CoA
binding sites of the carboxylases are also well conserved (=50%
identical). The sequences surrounding the biotin binding site
are poorly conserved, suggesting that this sequence may not be
critical as long as the biotin is available for carboxylase
reactions. On the basis of this sequence identity, we have
defined the putative biotin carboxylase and transcarboxylase
domains.

Acetyl-CoA carboxylase (ACC; EC 6.4.1.2) catalyzes the
committed step in fatty acid biosynthesis, yielding malonyl-
CoA, the donor of the two-carbon units for the synthesis of
long-chain fatty acids (1). In prokaryotes, the enzyme con-
sists of three readily dissociated proteins, the biotin carboxyl
carrier protein (BCCP), the biotin carboxylase, and the
transcarboxylase (2), whereas in higher and lower eukaryotic
cells, these proteins are part of a single multifunctional
polypeptide derived from the expression of a single gene that,
presumably, evolved by the fusion of individual genes. Re-
cently, the cDNAs coding for the rat (3) and chicken (4) ACC
were cloned and sequenced. The sites for the biotin attach-
ments in both carboxylases, which are conserved as in all
other biotin-containing enzymes, were readily identified.
Putative domains for the two catalytic functions were as-
signed (3, 4) and sites for phosphorylation were located (5).

ACC has been isolated from Saccharomyces cerevisiae (6)
and Candida lipolytica (7) and shown to contain single-
subunit proteins of molecular weights 189,000 and 230,000,
respectively. To understand the relationship between struc-
ture and function of the yeast ACC and to utilize the potential
of genetic manipulations in yeast, we have undertaken a
systematic analysis of the enzyme. In this report, we describe
the isolation and nucleotide sequence of the FAS3 gene,t
which encodes yeast ACC, and compare the deduced amino
acid sequence with sequences of the rat and chicken enzymes
to determine their evolutionary relationship.
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MATERIALS AND METHODS

Preparation of ACC and Its Antibodies. Yeast ACC from
extracts of baker’s yeast was purified to a state of homoge-
neity. Cell-free extracts were prepared, as described previ-
ously (8), and the enzyme was isolated by ammonium sulfate
fractionation (0-28% saturation), polyethylene glycol 8000
(0-6%) precipitation, and avidin-Sepharose affinity chroma-
tography (9). The carboxylase preparation had specific ac-
tivity of 2.5 units/mg protein when assayed by [“C]bicar-
bonate incorporation into malonyl-CoA, as described (9).
Antibodies against the purified ACC were raised in rabbits,
and affinity-purified anti-ACC antibodies were prepared (10).

Isolation and Sequencing of the FAS3 Gene. The yeast
genomic DNA libraries in Agtll and EMBL3a vectors were
provided by M. Snyder (Yale University) (11). The Agtll
library was screened with anti-ACC antibodies by following
standard procedures (11, 12), and the EMBL3a library was
screened with radioactive DN A probes as described (13). The
yeast strain SEY2102 was grown in appropriate media and
total RNA was isolated for Northern analysis (14).

DNA sequencing was performed by using both the dideoxy-
nucleotide termination method (15), as described previously
(14), and an automated DNA sequencer (Applied Biosystems
model 370A), according to manufacturer’s recommenda-
tions. All the restriction enzymes and other chemicals were
purchased from commercial and standard sources (9, 14).

RESULTS AND DISCUSSION

Isolation and Expression of Agtllacc. The native yeast ACC
is a tetramer of identical subunits each having an estimated
molecular weight of 250,000 (Fig. 1). Affinity-purified anti-
ACC antibodies were used to screen a yeast Agtll genomic
DNA expression library (11, 12). A positive clone, Agtllacc,
was isolated and shown to contain a 3.0-kilobase-pair (kbp)
fragment of the putative ACC genomic DNA. Initial verifi-
cation came from DNA sequence analysis of an Ss¢ I-Sst 1
fragment from Agtllacc (see Fig. 3). The nucleotide-derived
amino acid sequence showed a high degree of sequence
identity with animal ACC DNA sequences, and, on the basis
of this homology, it was concluded that the Agtllacc clone
contained the portion of the FAS3 gene coding for the COOH
terminus of yeast ACC. The identity of this clone was verified
further by immunoblotting (16) of protein lysates from
Agtllacc/Y1089 lysogens (10). As shown in Fig. 1, a fusion
protein (M, =~ 180,000) produced by the Agtllacc recombi-
nant phage reacted with the anti-ACC antibodies. On the
basis of the sizes of the fusion protein and the B-galacto-
sidase, the carboxylase gene fragment in Agtllacc coded for

Abbreviations: ACC, acetyl-CoA carboxylase; BCCP, biotin car-
boxyl carrier protein.
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) FiG. 1. SDS/PAGE and Western
blot analyses of yeast ACC and the
B-galactosidase-fused protein pro-
R duced by Agtllacc. (A) Coomassie
blue-stained 5% polyacrylamide de-
naturing gel. Lane 1, protein molec-
ular weight standards (myosin,
200,000; p-galactosidase, 116,000;
and phosphorylase b, 97,000); lane 2,
yeast ACC (5 ug); and lane 3, cell
lysate obtained from Agtllacc lyso-
gen. (B) Western blot analysis of a
similar gel with anti-yeast ACC anti-
bodies. Lane 4, yeast ACC; and lane
5, Agtllacc cell lysate.

a protein of about M, 66,000. However, the sizes of the
expressed protein and the cloned genomic DNA fragment
were smaller than the carboxylase subunit protein of M,
250,000 and the expected size of about 7.0 kbp of the ACC
gene, respectively. To determine if Agtllacc hybridizes to a
high molecular weight RNA, Northern analysis (17) was
performed using total yeast RNA (13) in conjunction with a
32p_labeled EcoRI fragment from Agtllacc. As shown in Fig.
2, the 0.6-kbp yeast DNA fragment isolated from Agtllacc
hybridized to an mRNA of 7.5 kilobases (kb), which is larger
than 6.6-kb FAS! mRNA (14) and is consistent with the sizes
of yeast ACC and B subunit of yeast fatty acid synthase.

A 1.9-kbp Kpn I restriction fragment from Agtllacc (Fig. 3)
was used as a probe for screening an EMBL3a yeast genomic
library according to standard procedures (13). A clone,
EMBL-ACC, was isolated and shown to contain a yeast DNA
insert of about 14 kbp. Southern analysis (data not shown)
indicated that clone EMBL-ACC contained the entire 7.3-
kbp coding region together with flanking noncoding regions
of the yeast ACC gene.

Sequence Analysis of the ACC Gene. The restriction map
and sequence strategy used in the structural analyses of the
ACC coding region are outlined in Fig. 3. The DNA was
sequenced by using standard procedures (18). More than 95%
of the sequence was confirmed by sequencing both strands.
The remaining sequences were confirmed by sequencing the
fragments more than twice in the same direction.

The nucleotide sequence of the DNA encoding the ACC
and the derived amino acid sequence are shown in Fig. 4.
Starting with the first ATG (Met) codon at nucleotide 1, the
nucleotide sequence has an open reading frame of 6711 bases
coding for a protein of 2237 amino acids having a molecular
weight of 250,593. There are no introns in the entire se-
quence, since the highly conserved intron-specific sequence
TACTAAC is not present. In all three reading frames the
nucleotide sequence upstream of the putative initiation codon

1 2

F1G.2. Northernblot analyses
of total yeast RNA (10 ug). Lane
1, yeast RNA hybridized with 0.6-
kbp EcoRI fragment prepared
from Agtllacc; and lane 2, RNA
hybridized with a 2.8-kbp Hind-
Bam DNA fragment obtained
from FASI in YEP33F1 (14).
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FiG. 3. Restriction map and sequence determination strategy of
yeast ACC genomic DNA (ACC) cloned in EMBL3a. EcoRI frag-
ments pl.5 and p3.5 were subcloned in the pBluescript vector
(Stratagene). The Sst I fragment from the yeast DNA in Agtllacc was
isolated and subcloned in PUC 19. Only the restriction sites used for
sequencing are indicated. Each fragment was sequenced to the extent
of each of the arrows in the direction shown. Arrows with nothing or
closed circles at the unpointed ends denote sequencing using internal
restriction sites and appropriate oligonucleotide primers, respec-
tively. Hatched bars indicate the coding segment. The bracketed
areas in p3.5 and Agtllacc-St are the overlapping regions. Restriction
sites: B, BamH I; Bg, Bgl I1; E, EcoRI; Ev, EcoRV; H, HindIII; Hc,
Hincll; K, Kpn 1; P, Pst I; St, Sst I; E*, EcoRlI linker not in gene.

terminated (data not shown), indicating that the coding
sequence can start only with this Met codon or one of the
internal (downstream) Met codons. When the rat and yeast
amino acid sequences were aligned, we found that the linear
homology starts from amino acid residues 126 and 68 in the
rat and yeast, respectively, allowing only the Met codons
present in the first 68 amino acids as likely candidates for
translation initiation sites. Thus, the first Met codon and/or
a Met a residue 14, both of which have a purine at the —3
position (19), are probable translation initiation sites, and for
now, we are considering that it is the first ATG. The open
reading frame ends at residue 2237 with Leu-Lys, consistent
with the COOH-terminal sequence of yeast ACC, as reported
by Lynen (20). We have sequenced a peptide isolated from
yeast ACC after cleavage with CNBr that exactly matches the
sequence from amino acid residues 2019 to 2026 (underlined
sequence in Fig. 4). The conserved biotin-binding site, Met-
Lys-Met, is located between amino acid residues 734 and 736.
Protein Structure and Functional Domains. ACCs are biotin
enzymes that are highly conserved, so much so that antibod-
ies prepared against rat, chicken, and yeast enzymes cross-
react with each other (unpublished results). The rat (3) and
chicken (4) ACCs, which consist of 2345 and 2321 amino
acids, respectively, are highly homologous (90% identical),
despite the evolutionary diversity, and, hence, little infor-
mation can be derived by comparing the two sequences. The
overall sequence similarity between the rat enzyme and the
yeast carboxylase is about 34%, which is significant consid-
ering their evolutionary divergence. Further, along these
sequences are several stretches of various lengths that are
about 80% conserved, with some segments even 100%.
Closer examination of the amino acid sequences of rat and
yeast enzymes showed other variable regions as well as
regions of high similarity, as illustrated in Fig. 5. For one, the
amino acid sequence of the yeast ACC is shorter than that of
the rat enzyme by 108 residues. The shortage occurs near the
NH; terminus, where there are stretches of 50 and 8 amino
acids missing, and the COOH terminus, where the enzyme is
20 residues shorter than the rat ACC. There are also notable
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ATGAGCGAAGAAAGCTTATTCGAGTCTTCTCCACAGAAGATGGAGTACGAAATTACAAACTACTCAGAAAGACATACAGAACTTCCAGGTCATTTCATTGGCCTC
MetSerGluGluSerLeuPheGluSerSerProGlnLysMetGluTyrGlulleThr AcnIvrSexrGluArgHi sThrGluLeuProGlyHisPhelleGlyleu 35

AATACAGTAGATAAACTAGAGGAGTCCCCGTTAAGGGACTTTCTTAAGAGTCACGGTGGTCACACGGTCATATCCAAGATCCTGATAGCAAATAATGGTATTGCC
AsnThrValAsplyslLeuGluGluSerProLeuArgAspPheVallysSerHisGlyGlyHisThrVallleSerlysIlelLeulleAlaAsnAsnGlylleAla 70

GCCGTGAAAGAAATTAGATCCSTCAGAAAATGGGCATACGAGACGTTCGGCGATGACAGAACCGTCCAATTCGTCGCCATGGCCACCCCAGAAGATCTGGAGGCC
AlavallysGlulleArgSerValArgLysTrpAlaTyrGluThrPheGlyAspAspArgThrValGlnPheValAlaMetAlaThrProGluAspleuGluAla 105

AACGCAGAATATATCCGTATGGCCGATCAATACATTGAAGTGCCAGGTGGTACTAATAATAACAACTACGCTAACGTAGACTTGATCGTAGACATCGCCGAAAGA
AsnAlaGluTyrIleArgMetAlaAspGlnTyrlleGluValProGlyGlyThrAsnAsnAsnAsnTyrAlaAsnValAspleulleValAsplleAlaGluArg 140

GCAGACGTAGACGCCGTATGGGCTGGCTGGGGTCACGCCTCCGAGAATCCACTATTGCCTGAAAAATTGTCCCAGTCTAAGAGGAAAGTCATCTTTATTGGGCCT
AlaAspValAspAlaValTrpAlaGlyTrpGlyHisAlaSerGluAsnProleuleuProGlulysLeuSerGlnSerLysArgLysvalllePhelleGlyPro 175

CCAGGTAACGCCATGAGGTCTTTAGGTGATAAAATCTCCTCTACCATTGTCGCTCAAAGTGCTAAAGTCCCATGTATTCCATGGTCTGGTACCGGTGTTGACACC
ProGlyAsnAlaMetArgSerLeuGlyAsplyslleSerSerThrllevValAlaGlnSerAlaLysValProCysIleProTrpSerGlyThrGlyValAspThr 210
GTTCACGTGGACGAGAAAACCGGTCTGGTCTCTGTCGACGATGACATCTATCAAAAGGG TTGTTGTACCTCTCCTGAAGATGGTTTACAAAAGGCCAAGCGTATT
ValHisValAspGluLysThrGlyLeuValSerValAspAspAsplleTyrGlnLysGlyCysCysThrSerProGluAspGlyleuGlnLysAlaLysArglle 245

GGTTTTCCTGTCATGATTAAGGCATCCGAAGGTGGTGGTGGTAAAGGTATCAGACAAGTTGAACGTGAAGAAGATTTCATCGCTTTATACCACCAGGCAGCCAAC
GlyPheProValMetIleLysAlaSerGluGlyGlyGlyGlyLysGlyIleArgGlnValGluArgGluGluAspPhelleAlaLeuTyrHisGlnAlaAlaAsn 280

GAAATTCCAGGCTCCCCCATTTTCATCATGAAGTTGGCCGGTAGAGCGCGTCACTTGGAAGTTCAACTGCTAGCAGATCAGTACGGTACAAATATTTCCTTGTTC Biotin
GlulleProGlySerProllePhelleMetLysLeuAlaGlyArgAlaArgHisLeuGluValGlnLeuLeuAlaAspGlnTyrGlyThraAsnlleSerLeuPhe 315 Carboxylase
GGTAGAGA!

CTGTTCCGTTCAGAGACGTCATCAAAAAATTATCGAAGAAGCACCAGTTACAATTGCCAAGGCTGAAACATTTCACGAGATGGAAAGGCTGCCGTC
GlyArgAspCysSerValGlnArgArgHisGlnLysIlleIleGluGluAlaProValThrlleAlaLysAlaGluThrPheHisGluMetGluLysAlaAlaval 350

AGACTGGGGAAACTAGTCGGTTATGTCTCTGCCGGTACCGTGGAGTATC TATATTC TCATGATGATGGAAAATTC TACTTTTTAGAATTGAACCCAAGATTACAA
ArgLeuGlyLysLeuValGlyTyrValSerAlaGlyThrValGluTyrLeuTyrSerHisAspAspGlyLysPheTyrPheLeuGluleuAsnProArgleuGln 385

GTCGAGCATCCAACAACGGAAATGGTCTCCGGTGTTAACTTACCTGCAGCTCAATTACAAATCGCTATGGGTATCCCTATGCATAGAATAAGTGACATTAGAACT
ValGluHisProThrThrGluMetValSerGlyValAsnLeuProAlaAlaGlnLeuGlnIleAlaMetGlyIleProMetHisArglleSerAsplleArgThr 420

TTATATGGTATGAATCCTCATTCTGCCTCAGAAATCGATTTCGAATTCAAAACTCAAGATGCCACCAAGAAACAAAGAAGACCTATTCCAAAGGGTCATTGTACC
LeuTyrGlyMetAsnProHisSerAlaSerGlulleAspPheGluPheLysThrGlnAspAlaThrLysLysGlnArgArgProlleProLysGlyHisCysThr 455

GCTTGTCGTATCACATCAGAAGATCCAAACGATGGATTCAAGCCATCGGGTGGTACTTTGCATGAACTAAACTTCCGTTCTTCCTCTAATGTTTGGGGTTACTTC
AlaCysArglleThrSerGluAspProAsnAspGlyPheLysProSerGlyGlyThrLeuHisGluLeuAsnPheArgSerSerSerAsnvVal TrpGlyTyrPhe 490

TCCGTGGGTAACAA' 'TATTCACTCCTTTTCGGACTCTCAGTTCGGCCATATTTTTGC TTTTGGTGAAAATAGACAAGCTTCCAGGAAACACATGGTTGTT
SerValGlyAsnAsnGlyAsnlleHisSerPheSerAspSerGinPheGlyHisIlePheAlaPheGlyGluAsnArgGlnAlaSerArgLysHisMetValval 525

GCCCTGAAGGAATTGTCCATTAGGGGTGATTTCAGAACTACTG TGGAATACTTGATCAAACTTTTGGAAACTGAAGATTTCGAGGATAACACTATTACCACCGGT
AlaleulysGluLeuSerIleArgGlyAspPheArgThrThrvalGluTyrLeulleLlysLeuLeuGluThrGluAspPheGluAspAsnThrIleThrThrGly 560

TGGTTGGACGATTTGATTACTCATAAAATGACCGCTGAAAAGCCTGATCCAACTCTTGCCGTCATTTGCGGTGCCGCTACAAAGGCTTTC TTAGCATCTGAAGAA
TrpLeuAspAspLeulleThrHisLysMet ThrAlaGluLysProAspProThrLeuAlavallleCysGlyAlaAlaThrLysAlaPheLeuAlaSerGluGlu 595

GC! CAAGTATATCGAATCCTTACAAAAGGGACAAGTTCTATCTAAAGACCTACTGCAAACTATGTTCCCTGTAGATTTTATCCATGAGGGTAAAAGATAC
AlaArgHisLysTyrIleGluSerLeuGlnLysGlyGlnValLeuSerLysAspLeuLeuGlnThrMetPheProValAspPhelleHisGluGlyLysArgTyr 630

AAGTTCACCGTAGCTAAATCCGGTAATGACCGTTACACATTATTTATCAATGGTTCTAAATGTGATATCATACTGCGTCAACTATCTGATGGTGGTCTTTTGATT
LysPheThrValAlalysSerGlyAsnAspArgTyrThrleuPhelleAsnGlySexrLysCysAspllelleLeuArgGlnLeuSerAspGlyGlyLeuleulle 665

GCCATAGGCGGTAAATCGCATACCATCTATTGGAAAGAAGAAGTTGCTGCTACAAGATTATCCGTTGACTCTATGACTACTTTGTTGGAAGTTGAAAACGATCCA
AlalleGlyGlyLysSerHisThrlleTyrTrpLysGluGluValAlaAlaThrArgLeuSerValAspSerMet ThrThrLeuleuGluvalGluAsnAspPro 700

ACCCAGTTGCGTACTCCATCCCCTGGTAAATTGGTTAAATTC TTGGTGGAAAATGGTGAACACATTATCAAGGGCCAACCATATGCAGAAATTGAAGTTATGAAA Biotin
ThrGlnLeuArgThrProSerProGlyLysLeuValLysPheLeuValGluAsnGlyGluHisIleIleLysGlyGlnProTyrAlaGlulleGluValMetlys 735 Binding
Site

ATGCAAATGCCTTTGGTTTCTCAAGAAAATGGTATCGTCCAGTTATTAAAGCAACCTGGTTCTACCATTGTTGCAGGTGATATCATGGCTATTATGACTCTTGAC
MetGlnMetProLeuValSerGlnGluAsnGlyIleValGlnLeuleuLysGlnProGlySerThrIleValAlaGlyAsplleMetAlalleMetThrLeuAsp 770

GATCCATCCAAGGTCAAGCACGCTCTACCATTTGAAGGTATGCTGCCAGATTTTGGTTCTCCAGTTATCGAAGGAACCAAACCTGCCTATAAATTCAAGTCATTA
AspProSerLysValLysHisAlaLeuProPheGluGlyMet LeuProAspPheGlySerProvalIleGluGlyThrLysProAlaTyrLysPhelysSerLeu 805

GTGTCTACTTTGGAAAACATTTTGAAGGGTTATGACAACCAAGTTATTATGAACGCTTCCTTGCAACAATTGATAGAGGTTTTGAGAAATCCAAAACTGCCTTAC
ValSerThrLeuGluAsnlleleulysGlyTyrAspAsnGlnVallleMetAsnAlaSerleuGlnGlnLeulleGluvalLeuArgAsnProLysLeuProTyr 840

‘TCAGAATGGAAACTACACATCTCTGCTTTACATTCAAGATTGCCTGCTAAGCTAGATGAACAAATGGAAGAGTTAGTTGCACGTTCTTTGAGACGTGGTGCTGTT
SerGluTrplysLeuHisIleSerAlaLeuHisSerArgLeuProAlaLysLeuAspGluGlnMetGluGluLeuValAlaArgSerLeuArgArgGlyAlaval 875

TTCCCAGCTAGACAATTAAGTAAATTGATTGATATGGCCGTGAAGAATCCTGAATACAACCCCGACAAATTGCTGGGCGCCGTCGTGGAACCATTGGCGGATATT
PheProAlaArgGlnLeuSerLysLeulleAspMetAlaValLysAsnProGluTyrAsnProAspLysLeuleuGlyAlaValValGluProLeuAlaAspIle 910

GCTCATAAGTACTCTAACGGGTTAGAAGCCCATGAACATTCTATATTTGTCCATTTCTTGGAAGAATATTACGAAGTTGAAAAGTTATTCAATGGTCCAAATGTT
AlaHisLysTyrSerAsnGlyLeuGluAlaHisGluHisSerIlePheValHisPheLeuGluGluTyrTyrGluValGluLysLeuPheAsnGlyProAsnval 945

CGTGAGGAAAATATCATTCTGAAATTGCGTGATGAAAACCCTAAAGATCTAGATAAAGTTGCGCTAACTGTTTTGTCTCATTCGAAAGTTTCAGCGAAGAATAAC
ArgGluGluAsnllelleLeulysLeuArgAspGluAsnProLysAsplLeuAspLysValAlaLeuThrValleuSerHisSerLysValSerAlaLysAsnAsn 980

CTGATCCTAGCTATCTTGAAACATTATCAACCATTGTGCAAGTTATC TTCTAAAGTTTCTGCCATTTTCTCTACTCCTCTACAACATATTGTTGAACTAGAATCT
lLeulleleuAlalleleulysHisTyrGlnProlLeuCysLysLeuSerSerLysValSerAlallePheSerThrProleuGlnHisIlevValGluLeuGluSer 1015

AAGGCTACCGCTAAGGTCGCTCTACAAGCAAGAGAAATTTTGATTCAAGGCGCTTTACCTTCGGTCAAGGAAAGAACTGAACAAATTGAACATATCTTAAAATCC
LysAlaThrAlaLysValAlaLeuGlnAlaArgGlulleLeulleGlnGlyAlaLeuProSerValLysGluArgThrGluGlnlleGluHisIleLeuLysSer 1050

TCTGTTGTGAAGGTTGCCTATGGCTCATCCAATCCAAAGCGCTCTGAACCAGATTTGAATATCTTGAAGGACTTGATCGATTCTAATTACGTIGTGTTCGATGTT
SerValValLysValAlaTyrGlySerSerAsnProLysArgSerGluProAspLeuAsnlleleuLlysAspleulleAspSerAsnTyrValValPheAspval 1085

TTACTTCAATTCCTAACCCATCAAGACCCAGTTGTGACTGCTGCAGCTGCTCAAGTCTATATTCGTCGTGCTTATCGTGCTTACACCATAGGAGATATTAGAGTT
LeuLeuGlnPheLeuThrHisGlnAspProvValvalThrAlaAlaAlaAlaGlnValTyrIleArgArgAlaTyrArgAlaTyrThrIleGlyAsplleArgval 1120

CACGAAGGTGTCACAGTTCCAATTGTTGAATGGAAATTCCAACTACCTTCAGCTGCGTTCTCCACCTTTCCAACTGTTAAATCTAAAATGGGTATGAACAGGGCT
HisGluGlyValThrValProlleValGluTrpLysPheGlnLeuProSerAlaAlaPheSerThrPheProThrValLysSerLysMetGlyMetAsnArgAla 1155

GTTTCTGTTTCAGATTTGTCATATGTTGCAAACAGTCAGTCATCTCCGTTAAGAGAAGGTATTTTGATGGCTGTGGATCATTTAGATGATG TTGATGAAATTTTG
ValSerValSerAspLeuSerTyrValAlaAsnSerGlnSerSerProLeuArgGluGlyIleLeuMetAlaValAspHisLeuAspAspValAspGlulleLeu 1190

TCACAAAGTTTGGAAGTTATTCCTCGTCACCAATCTTCTTCTAACGGACCTGCTCCTGATCGTTCTGGTAGCTCCGCATCGTTGAGTAATGTTGCTAATGTTTGT
SerGlnSerLeuGluVallleProArgHisGlnSerSerSerAsnGlyProAlaProAspArgSerGlySerSerAlaSerLeuSerAsnValAlaAsnValCys 1225

GTTGCTTCTACAGAAGGTTTCGAATCTGAAGAGGAAATTTTGGTAAGGTTGAGAGAAATTTTGGATTTGAATAAGCAGGAATTAATCAATGCTTCTATCCGTCGT
ValAlaSerThrGluGlyPheGluSerGluGluGluIleLeuValArgLeuArgGlulleLeuAspLeuAsnLysGlnGluLeulleAsnAlaSerIleArgArg 1260

ATCACATTTATGTTCGGTTTTAAAGATGGGTCTTATCCAAAGTATTATACTTTTAACGGTCCAAATTATAACGAAAATGAAACAATTCGTCACATTGAGCCGGCT
IleThrPheMet PheGlyPheLysAspGlySerTyrProLysTyrTyrThrPheAsnGlyProAsnTyrAsnGluAsnGluThrIleArgHisIleGluProAla 1295

TTGGCCTTCCAACTGGAATTAGGAAGATTGTCCAACTTCAACATTAAACCAATTTTCACTGATAATAGAAACATCCATGTCTACGAAGCTGTTAGTAAGACTTCT
LeuAlaPheGlnLeuGluLeuGlyArgLeuSerAsnPheAsnlleLysProllePheThrAspAsnArgAsnlleHisValTyrGluAlavalSerLysThrSer 1330

Fi1G. 4. (Figure continues on the opposite page.)
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CCATTGGATAAGAGATTCTTTACAAGAGGTATTATTAGAACGGGTCATATCCGTGATGACATTTCTATTCAAGAATATCTGACTTCTGAAGCTAACAGATTGATG
ProLeuAspLysArgPhePheThrArgGlyIleIleArgThrGlyHisIleArgAspAsplleSerIleGinGluTyrLeuThrSerGluAlaAsnArgLeuMet

AGTGATATATTGGATAATTTAGAAGTCACCGACACTTCAAATTCTGATTTGAATCATATCTTCATCAACTTCATTGCGGTGTTTGATATCTCTCCAGAAGATGTC
SerAsplleleuAspAsnLeuGluValThrAspThrSerAsnSerAspLeuAsnHisIlePhelleAsnPhelleAlaValPheAsplleSerProGluAspVal

GAAGCCGCCTTCGGTGGTTTCTTAGAAAGATTTGGTAAGAGATTGTTGAGATTGCGTGTTTCTTCTGCCGAAATTAGAATCATCATCAAAGATCCTCAAACAGGT
GluAlaAlaPheGlyGlyPheLeuGluArgPheGlyLysArgLeuleuArgLeuArgValSerSerAlaGlulleArgllellelleLysAspProGlnThrGly

GCCCCAGTACCATTGCGTGCCTTGATCAATAACGTTTCTGGTTATGTTATCAAAACAGAAATGTACACCGAAGTCAAGAACGCAAAAGGTGAATGGGTATTTAAG
AlaProvValProlLeuArgAlaLeulleAsnAsnValSexGlyTyrVallleLysThrGluMet TyrThrGluvValLysAsnAlaLysGlyGluTrpValPhelys

TCTTTGGGTAAACCTGGATCCATGCATTTAAGACCTATTGCTACTCCTTACCCTGTTAAGGAATGGTTGCAACCAAAACGTTATAAGGCACACTTGATGGGTACC
SerLeuGlyLysProGlySerMetHisLeuArgProlleAlaThrProTyrProValLysGluTrpLeuGlnProLysArgTyrLysAlaHisLeuMetGlyThr

ACATATGTCTATGACTTCCCAGAATTATTCCGCCAAGCATCGTCATCCCAAGGAAAAAATTTCTCTGCAGATGTTAAGTTAACAGATGATTTCTTTATTTCCAAC
ThrTyrValTyrAspPheProGluLeuPheArgGlnAlaSerSerSerGlnGlyLysAsnPheSerAlaAspValLysLeuThrAspAspPhePhelleSerAsn

GAGTTGATTGAAGATGAAAACGGCGAATTAACTGAGGTGGAAAGAGAACCTGGTGCCAACGCTATTGGTATGGTTGCCTTTAAGATTACTGTAAAGACTCCTGAA
GluLeulleGluAspGluAsnGlyGluLeuThrGluvalGluArgGluProGlyAlaAsnAlalleGlyMetValAlaPheLysIleThrValLysThrProGlu

TATCCAAGAGGCCGTCAATTTGTTGTTGTTGCTAACGATATCACATTCAAGATCGGTTCCTTTGGTCCACAAGAAGACGAATTCTTCAATAAGGTTACTGAATAT
TyrProArgGlyArgGlnPheValvValValAlaAsnAsplleThrPheLysIleGlySerPheGlyProGlnGluAspGluPhePheAsnLysValThrGluTyr

GCTi TCCCAAGAATTTACTTGGCTGCAAACTCAGGTGCCAGAATTGGTA TTGTTCCACTATTTCAAGTTGCATGGAATGAT

"AGAAAGCGTGGTA' 'TGGCTGAAGAGA'
AlaArgLysArgGlyIleProArgIleTyrLeuAlaAlaAsnSerGlyAlaArglleGlyMetAlaGluGlulleValProLeuPheGlnValAlaTrpAsnAsp

GCTGCCAATCCGGACAAGGGCTTCCAATACTTATACTTAACAAGTGAAGGTATGGAAACTTTAAAGAAATTTGACAAAGAAAATTCTGTTCTCACTGAACGTACT
AlaAlaAsnProAspLysGlyPheGlnTyrLeuTyrLeuThrSerGluGlyMetGluThrLeuLysLysPheAspLysGluAsnSerValLeuThrGluArgThr

GTTATAAACGGTGAAGAAAGATTTGTCATCAAGACAATTATTGGTTCTGAAGATGGGTTAGGTGTCGAATGTCTACGTGGATCTGGTTTAATTGCTGGTGCAACG
VallleAsnGlyGluGluArgPheVallleLysThrIlelleGlySerGluAspGlyLeuGlyValGluCysLeuArgGlySerGlyLeulleAlaGlyAlaThr

TCAAGGGCTTACCACGATATCTTCACTATCACCTTAGTCACTTGTAGATCCGTCGGTATCGGTGCTTATTIGGTTCG' TATTCAGGTCGAA
SerArgAlaTyrHisAspllePheThrIleThrLeuValThrCysArgSerValGlyIleGlyAlaTyrLeuvValArgLeuGlyGlnArgAlalIleGlnValGlu

GGCCAGCCAATTATTTGGTATCGGTGCTTATTAACTGGTGCTCCTGAATCAACAAATGCTGGTAGAGAAGTTTATACTTCTAACTTACAATTGGGTGGTACTCAA
GlyGlnProIlelleTrpTyrArgCysLeuLeuThrGlyAlaProGluSerThrAsnAlaGlyArgGluvalTyrThrSerAsnLeuGlnLeuGlyGlyThrGln

ATCATGTATAACAACGGTGTTTCACATTTGACTGCTGTTGACGATTTAGCTGGTGTAGAGAAGATTGTTGAATGGATGTCTTATGTTCCAGCCAAGCGTAATATG
IleMetTyrAsnAsnGlyValSerHisLeuThrAlaValAspAspLeuAlaGlyValGluLysIleValGluTrpMetSerTyrValProAlaLysArgAsnMet

CCAGTTCCTATCTTGGAAACTAAAGACACATGGGATAGACCAGTTGATTTCACTCCAACTAATGATGAAACTTACGATGTAAGATGGATGATTGAAGGTCGTGAG
ProValProlleLeuGluThrLysAspThrTrpAspArgProValAspPheThrProThrAsnAspGluThrTyrAspValArgTrpMet I1eGluGlyArgGlu

ACTGAAAGTGGATTTGAATATGGTTTGTTTGATAAAGGGTCTTTCTTTGAAACTTTGTCAGGATGGGCCAAAGGTGTTGTCGTTGGTAGAGCCCGTCTTGGTGGT
ThrGluSerGlyPheGluTyrGlyLeuPheAspLysGly SerPhePheGluThrLeuSerGlyTrpAlaLysGlyValValvalGlyArgAlaArgLeuGlyGly

ATTCCACTGGGTGTTATTGGTGTTGAAACAAGAACTGTCGAGAACTTGATTCCTGCTGATCCAGCTAATCCAAATAGTGCTGAAACATTAATTCAAGAACCTGGT
IleProLeuGlyVallleGlyValGluThrArgThrValGluAsnLeulleProAlaAspProAlaAsnProAsnSerAlaGluThrLeulleGlnGluProGly

CAAGTTTGGCATCCAAACTCCGCCTTCAAGACTGCTCAAGCTATCAATGACTTTAACAACGGTGAACAATTGCCAATGATGATTTTGGCCAACTGGAGAGGTTTC
GlnValTrpHisProAsnSerAlaPheLysThrAlaGlnAlaIleAsnAspPheAsnAsnGlyGluGlnLeuProMetMetIleLeuAlaAsnTrpArgGlyPhe

TCTGGTGGTCAACGTGATATGTTCAACGAAGTCTTGAAGTATGGTTCGTTTATTGTTGACGCATTGGTGGATTACAAACAACCAATTATTATCTATATCCCACCT
SerGlyGlyGlnArgAspMet PheAsnGluValLeuLysTyrGlySerPhelleValAspAlaLeuValAspTyrLysGlnProllellelleTyrIleProPro

ACCGGTGAACTAAGAGGTGGTTCATGGGTTGTTGTCGATCCAACTATCAACGCTGACCAAATGGAAATGTATGCCGACGTCAACGCTAGAGCTGGTGTTTTGGAA
ThrGlyGluLeuArgGlyGlySerTrpValValValAspProThrIleAsnAlaAspGlnMetGluMet TyrAlaAspValAsnAlaArgAlaGlyValLeuGlu

CCACAAGGTATGGTTGGTATCAAGTTCCGTAGAGAAAAATTGCTGGACACCATGAACAGATTGGATGACAAGTACAGAGAATTGAGATCTCAATTATCCAACAAG
ProGlnGlyMetValGlyIleLysPheArgArgGluLysLeuLeuAspThrMetAsnArgLeuAspAspLysTyraArgGluLeuArgSerGlnLeuSerAsnlys

AGTTTGGCTCCAGAAGTACATCAGCAAATATCCAAGCAATTAGCTGATCGTGAGAGAGAACTATTGCCAATTTACGGACAAATCAGTCTTCAATTTGCTGATTTG
SerleuAlaProGluvalHisGlnGlnlIleSerLysGlnLeuAlaAspArgGluArgGluLeuLeuProlleTyrGlyGlnlleSerLeuGlnPheAlaAspLeu

CACGATAGGTCTTCACGTATGGTGGCCAAGGGTGTTATTTCTAAGGAACTGGAATGGACCGAGGCACGTCGTTTCTTCTTCTGGAGATTGAGAAGAAGATTGAAC
HisAspArgSerSerArgMetValAlaLysGlyVallleSerLysGluLeuGluTrpThrGluAlaArgArgPhePhePheTrpArgLeuArgArgArgleuAsn

GAAGAATATTTGATTAAAAGGTTGAGCCATCAGGTAGGCGAAGCATCAAGATTAGAAAAGATCGCAAGAATTAGATCGTGGTACCCTGCTTCAGTGGACCATGAA
GluGluTyrLeulleLysArgLeuSerHisGlnValGlyGluAlaSerArgLeuGluLysIleAlaArgIlleArgSerTrpTyrProAlaSerValAspHisGlu
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sites. The amino acid sequences

1995

2030

2065

2100

2135

2170

GATGA’

ATCAGAAGCGACCATGACAATGCTATTGATGGATTATCTGAAGTTATCAAGATGTTATCTACOGATGATAAAGAAAAATTGTTGAAGACTTTGAAATAA
IleArgSerAspHisAspAsnAlalleAspGlyLeuSerGluvallleLysMetLeuSerThrAspAspLysGluLysLeuLeuLysThrLeulys *

internal deletions of 17 and 18 amino acids near residues 1249
and 1328, respectively. Other shorter deletions throughout
both yeast and rat ACC make up the overall difference. A
surprising lack of homology occurs between the sequence of
the first 100 amino acids of rat, the region of the rat enzyme
that can be phosphorylated in vitro by six protein kinases (5),
and that of the yeast enzyme. In rat ACC, phosphorylation of
Ser-77 and Ser-79 by cAMP-dependent and AMP-activated
protein kinases decreases carboxylase activity (lower Vpa,,)
and increases citrate concentration required for half-maximal
activation (5). Although there are several serine residues near
the NH,-terminal region of yeast ACC, whether or not one or
more of these serine residues are phosphorylated remains to
be determined. Other proposed phosphorylation sites on the
rat ACC are Ser-1200, phosphorylated by both cAMP and
AMP-dependent protein kinases, and Ser-1215, phosphory-
lated by the AMP-activated kinase (5). Phosphorylation at
these sites may be important in the regulation of ACC activity
(21). Similarly, the yeast ACC has serine residues in the
equivalent peptide region (residues 1200-1220), and we sus-
pect that phosphorylation of a serine residue in this region
may result in decreased activity (K. V. Venkatachalam,
W.-Y. Huang, and S.J.W., unpublished results).

TAGGCAAGTCGCAACATGGATTGAAGAAAACTACAAAACTTTGGACGATAAACTAAAGGGTTTGAAATTAGAGTCATTCGCTCAAGACTTAGCTAAAAAG
ASpAsSpArgGlnValAlaThrTrplleGluGluAsnTyrLysThrLeuAspAspLysLeuLysGlyLeulysLeuGluSerPheAlaGlnAspLeuAlaLysLys 2205

in bold letters indicate the puta-
tive nucleotide-binding motif,
. biotin-binding site, and the pu-
2237 ' tative CoA-binding site.

The polypeptide segments of the yeast ACC that exhibit
high amino acid sequence similarity to those of rat enzyme
vary in length and occur in three subdomains along the
protein (Fig. 5). The first subdomain, which spans the region
near the NH, terminus (residues 100-600) and exhibits about
50% identity to corresponding sequences of rat enzyme,
could be the putative biotin carboxylase component of yeast
ACC because of its high sequence similarity to corresponding
amino acid sequences of known biotin enzymes such as yeast
pyruvate carboxylase (residues 162-355), and the a subunit of
human propionyl-CoA carboxylase (residues 177-375).
Moreover, within the yeast ACC subdomain, the region
between amino acid residues 235 and 392 is highly homolo-
gous to a corresponding segment of rat ACC and may contain
the ATP and HCO3 binding sites. This conclusion was based,
in part, on the presence of the Gly-rich motif of Gly-Xaa-
Gly-Xaa-Xaa-Gly or Gly-Xaa-Xaa-Gly-Xaa-Gly, which have
been suggested as the nucleotide-binding motif for yeast and
rat carbamoyl-phosphate synthases and rat ACC (3, 22).
Further, Hamada et al. (23) have proposed that the sequence
Tyr-Gly-Tyr-Thr-His-Leu-Ser-Thr-Gly in rabbit muscle my-
okinase (residues 32-40) is involved in the binding of
MgATP. Similar sequences are found within this subdomain
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Fi1G. 5. Dot-matrix plot of rat vs. yeast amino acid sequences of
ACC.

of yeast ACC (residues 366—-373), Tyr-Leu-Tyr-Ser-His-Asp-
Asp-Gly, and in rat ACC (residues 424-432), Tyr-Leu-Tyr-
Ser-Gln-Asp-Asp-Ser; however, their significance in nucle-
otide binding remains to be determined.

The conserved biotin-binding site Met-Lys-Met is located
at residues 734-736 in yeast ACC, which represents the
region of biotin carboxyl carrier protein, the second subdo-
main. Comparison of amino acid sequences near the biotin-
binding sites with all known biotin-containing enzymes
showed that (i) the Met-Lys-Met sequences of yeast and
animal ACCs are preceded by Val instead of Ala, as in other
carboxylases, and (ii) these sequences are located closer to
the NH, termini of the molecules, whereas in other biotin-
containing enzymes this sequence occurs near the COOH
termini. It has been suggested that this positioning of the
biotin-binding site may increase the efficiency of the bioti-
nylation of the proteins (24). In all the biotin-containing
enzymes, the biocytin residue is located 25-29 amino acids
downstream from a short amino acid sequence flanked by
two Pro residues [-Pro-(Xaa),-Pro-), which might act as a
hinge to permit the biotin-containing arm to move between
the carboxyl donor and acceptor sites (2). Yeast, rat, and
chicken ACCs also contain similar sequences (Fig. 4).

Despite the conservation of biotin-binding sites -Met-Lys-
Met- among all biotin-containing proteins, the amino acid
sequences surrounding these sites are divergent. Indeed, the
sequence of yeast ACC between residues 600 and 1700 is least
homologous (26%) with that of the rat ACC (Fig. 5). The lack
of conservation of the sequences in these regions of the
enzymes may pertain to the assembly of the enzyme subunits
into polymer forms that make up the enzymatically active
carboxylases. Also, this lack of conservation suggests that
the amino acid sequences within BCCP domains of the
carboxylases may be involved only in providing a scaffold for
the critical regions of the structure to function. In this regard,
the biotin in the BCCP domain may be akin to the 4'-
phosphopantetheine prosthetic group of the acyl carrier
protein domain of the fatty acid synthase, where the quater-
nary structure of the protein and the need for the pantetheine-
bound fatty acyl intermediates to interact with the various
catalytic domains of the synthase play a crucial role in the
overall activity of the enzymes.

The third subdomain of the yeast ACC, residues 1700-
2100, is highly homologous (60%) to the corresponding seg-
ment of the rat ACC, residues 1650-2200 (3). Within these
subdomains, sequences between amino acid residues 1870
and 1890 are highly similar to the proposed sequence of the
‘“adenine recognition loop’’ of porcine and yeast citrate

Proc. Natl. Acad. Sci. USA 89 (1992)

synthase (25, 26) and to the 8 subunit of human propionyl-
CoA carboxylase (27). Hence, these peptide segments in
ACC are likely to be components of the CoA-binding site.

Recently, Bowers and Allred (28) reported that the rat liver
ACC is a glycoprotein. In the yeast carboxylase sequence,
there are nine sites that can be N-glycosylated, as indicated
in Fig. 4. However, the presence of carbohydrates in the
carboxylase and the involvement of any of the putative
glycosylation sites remain to be investigated.
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